Raman scattering and ion channeling techniques were used to investigate the damage in GaAs implanted at room temperature with lOO-keV Si+ ions. The ion-induced damage was analyzed for different ion doses and dose rates (current densities). The development of different damage components was monitored by comparing a Raman signal which is specific to amorphization in GaAs to ion channeling results which are sensitive to smallvolume crystalline defects, as well as to amorphous regions. Raman analysis showed that the rate of growth of the amorphous fraction with implant dose was comparable to the growth rate of the total damage as determined by ion channeling. However, while Raman analysis indicated a weak dependence of damage on dose rate, the ion channeling results showed a substantially stronger dependence. These results demonstrate that the damage morphology in GaAs is dependent upon both dose and dose rate, and that the doserate-dependent component of the total damage consists primarily of crystalline defects.
I. INTRODUCTION
Room-temperature implantation of Si donors is a common way to prepare conductive, n-type layers in GaAs substrates. ' However, remaining problems include the inability to obtain high electrical activation of the implanted dopants, especially at high doses, along with an extreme sensitivity to certain processing parameters, which results in poor reproducibility of implanted layer characteristics. Recently, the implantation dose rate (i.e., ion current density) was shown to have a significant effect on the electrical activation of Si-implanted GaAs, such that an increase in activation was obtained by using a low ion current density during implantation.' This effect has also been correlated with the dose-rate dependence of ion-induced damage measured by ion channeling in the GaAs lattice. 3'4 The dose rate was found to have a strong effect on the total damage produced in GaAs over a wide range of ion dose and dose rate.
in this paper, results of Raman and ion channeling studies of dose-rate effects on damage formation in Si + -implanted GaAs are presented. Since these two methods have different sensitivities for various types of lattice damage, this comparative study yields new insight into the evolution of damage morphology during ion implantation in GaAs, and specifically the nature of the defects which are responsible for the reported dose-rate effects.
II. EXPERIMENT Undoped, commercial GaAs( 100) wafers were implanted at room temperature (23" C!) with lOO-keV Si + ions.' During implantation, substrates were tilted 7" with respect to the incident beam to minimize channeling effects. Several samples were implanted with different ion doses (4X 1012-3X 10"/cm2) and/or different dose rates, i.e., different ion current densities, J (0.05-12 PA/cm').
The dipole-allowed first-order Raman backscattering spectra from the implanted (100) surface were measured at room temperature. The Raman spectra were excited with the 2.57-eV line from a Kr-ion laser. The probing depths for both crystalline and amorphous GaAs regions are shallower than the thickness of the implanted layer, which is approximately 100 nm, so that the undamaged substrate does not contribute to the Raman spectra. The scattered light was filtered and dispersed in a triple monochromator and detected with an intensified silicon diode array at a spectral resolution of 6 cm -'. In ion channeling measurements, the implantation-induced damage was determined from (100) axial channeling spectra using 2-MeV He + ions backscattered at 160". The depth profiles of the damage were extracted from the channeling spectra using a self-consistent iterative procedure to calculate the dechanneling background.6 It is well known that some ion implantation damage in GaAs is unstable and anneals at room tempefature over time periods of the order of days.' Consequently, all samples in the present study were kept for more than 1 year at room temperature prior to Raman and ion channeling analysis in order to reach a stable damage level. Therefore, the component of the initial implant damage which is unstable at room temperature is not discussed in this paper.
III. RESULTS Figure 1 shows dipole-allowed first-order Raman spectra obtained from samples implanted with 3oSi + at doses ranging from 1 X 1Or4 to 3 X 10" cm -'. In the unim- planted sample, only a sharp longitudinal optical (LO) phonon line at 292 cm -' is present. This line is due to phonon scattering in defect-free, crystalline GaAs. As the implantation dose is increased, the LO peak is broadened and shifted toward lower frequencies. The LO peak is present in the spectra up to an ion dose of 1 X lOI5 cm -'. In addition to the LO peak, spectra from implanted samples also contain three broadbands which are known to originate from amorphized regions in GaAs8 At a dose of 3X 10" cm-', the LO peak has vanished completely and only the broadbands remain, indicating a com$letely amorphized surface layer. This result is in excellent quantitative agreement with the findings of Wagner and Fritzsche,g who also found that the surface layer implanted with lOOkeV Si ions was fully amorphiied for doses above 1 X 10" cmw2.
Dose-rate effects on the Raman spectra are illustrated in Fig. 2 . This figure shows spectra from samples implanted with a single ion dose of 2 X 1014 cm -2, but at different ion current densities. The intensity of the LO peak, relative to that of the broadbands, is reduced for implantation at higher-dose rates. This indicates that higher-dose rates produce greater disorder, consistent with previous reports based on ion channeling.223
To quantify changes in the Raman spectra of ion-implanted GaAs induced by both the variation of the ion dose and dose rate, the procedure proposed by Wagner and Fritzscheg was applied. Accordingly, the ratio, Rd, of the scattering intensity, I(a), at 250 cm -' [which is the maximum of the TO phonon band in completely amorphized Fig. 2 as measured just prior to Raman analysis. The spectrum from a randomly oriented crystal and a channeling spectrum from an unimplanted crystal are shown for reference. Spectra were obtained using a 2.0-MeV 4He+ beam detected at a 160' scattering angle. The depth scale is shown for scattering from "As. Rd increases as J increases.
The depth-integrated total damage, Ndr was determined from ion channeling spectra (Fig. 4) obtained from the same set of samples. The dependence of Nd on dose and dose rate is presented in Fig. 5 . Comparison of these results with the Raman results (in Fig. 3) shows that the damage detected by both techniques has a similar dependence on ion dose. For instance, in ion channeling measurements, as in the Raman results, a very strong increase of the damage is observed for doses of 10" cm -2 and above. At a dose of 3X 1015 cmu2, ion channeling also indicates that the implanted layer is completely amorphous (the channeling yield was equal to the yield from a randomly oriented sample), consistent with the Raman results. However, the dose-rate effects are much more pronounced in the ion channeling data than in the Raman results, i.e., Nd increases much more dramatically with dose rate (Fig. 5) than does Rd (Fig. 3) .
In order to make a quantitative comparison between the Raman scattering and ion channeling results, Rd is plotted against Nd in Fig. 6 . This clearly establishes the correlation between the amount of implantation-induced damage detected by these two complementary methods. Two different correlations are observed depending upon whether the ion dose or the dose rate is the principal variable. For a given increase in Ndl the increase in Rd is much greater with dose than with dose rate. The correlation is approximately linear in either case.
IV. DISCUSSION
This study focuses on a comparison of measurements of the implantation-induced damage as determined by firstorder Raman backscattering and ion channeling. The results for both characterization techniques have shown similar general trends, especially regarding the increase of the damage with the ion dose, but this comparison also re vealed a considerable disagreement in the quantitative evaluation of dose-rate effects. This is due to the different sensitivities of the two methods for various types of lattice damage, as outlined below, leading to some general conclusions regarding the nature of the dose-rate-dependent component of damage, and also the dose-dependent component.
The main features of the Raman backscattering spectra shown in Figs. 1 and 2 are well understood. First, the single, sharp line at 292 cm -' is due to the longitudinal optical phonon at the I' point, i.e., the center of the Brillouin zone. As expected, the first-order Raman backscattering spectrum from the (100) surface of the unimplanted sample shows only this sharp line. However, changes appear in the spectra following implantation, as defects are introduced into the lattice. These defects destroy the translational symmetry of the lattice, lowering the symmetry from the crystal space group to the point group of the lattice site, thus relaxing the selection rules. The LO phonon line, therefore, is shifted in frequency and broadened as a result of either these ion-induced defects and the associated lattice strains,""2 or the change of the phonon localization length.13 Besides the broadening and shifting of the LO mode to lower frequencies, additional modes also appear in the spectrum, in the form of broadbands at lower frequencies. These bands are assigned to disorder-activated, first-order scattering, with three maxima arising respectively from scattering by transverseacoustic phonons at the L and X points, from IIA phonons near the K point, and from transverse-optical phonons at the l?, X, and L points.819 These bands, all having maxima at relatively low frequencies, are understood to originate from amorphized regions.8 In contrast, crystalline regions, even as small as 5 nm, are known to produce only modes with frequencies larger than 280 cm -l.13 Hence, the change in the dipole-allowed, first-order Raman spectra shown in Figs. 1 and 2 are interpreted primarily to result from increases in the amorphized fraction of the implanted layer at the expense of the crystalline fraction. The measured Raman signal is a superposition of two components, the LO peak and the broad bands, which are essentially independent, and these components contribute to the Raman spectrum in proportion to the total volume of the crystalline and amorphous regions contained within the laser probe depth.
On the other hand, ion channeling measurements are sensitive to atoms displaced from lattice sites in directions perpendicular to the direction of the probing beam ( (lOO> in the present study). Such displacements are associated with both crystalline defects (i.e., small clusters of point defects, or extended dislocations) and amorphous regions. Therefore, damage profiles determined by ion channeling are generally a good estimate of the total damage, although the sensitivity to a particular type of defect is dependent on the detailed nature of the displacements comprising the defect, as well as on the total number of atoms involved. Therefore, both the first-order Raman scattering and ion channeling results are sensitive to amorphous regions formed during ion implantation, but only the ion channeling data can detect small volume crystalline defects.
According to the above interpretation of the Raman spectra, two conclusions follow immediately from the data in Fig. 3 . First, the amorphous fraction clearly increases with ion dose, and this increase becomes particularly strong above 1 X 10" cm -'. Secondly, the amorphous volume also increases with dose rate, although the net change in the amorphous volume is small over the range of dose rates considered. Two additional conclusions may be derived from Fig. 6 . Since the integrated damage yield Nd determined by ion channeling is a measure of the total damage in the implanted layer, the correlation of Rd, which measures the amorphous fraction, implies that the amorphous volume grown uniformly as damage accumulates due to either increasing the dose or dose rate, i.e., there appear to be no thresholds or transitions in the mode of amorphization over this range of doses and rates. Finally, the relatively small increase of Rd with Nd for the variable dose-rate series of samples (Fig. 6) implies that the large majority of the dose-rate-dependent component of the damage is due to the formation of crystalline defects (which are not detected by the present Raman measurements) and only a small minority of this damage is due to amorphization.
Implantation-induced damage is generally produced either by heterogeneous processes, in which damage nucleates within the volume of the collision cascade during quenching, or by homogeneous processes, in which the damage forms through interactions between uniformly distributed, mobile defects which have escaped from the cascade volume. Either or both of these types of processes may produce dose-dependent damage. However, for typical ion current densities the probability of cascade overlap during quench is negligible and dose-rate-dependent damage is the result solely of homogeneous nucleation, and occurs when the mobile, primary defects are not stable. Based on the present experimental results, some aspects of damage formation in GaAs can be described within this framework Foremost, these results indicate that homogeneous nucleation in GaAs produces mainly drystalline defects, such as small point-defect clusters of dislocation loops. Therefore, dose-rate effects are mainly observed by ion channeling, and only secondarily by Raman scattering. Consequently, over the range of doses and rates used, amorphization in GaAs during room-temperature implantation of Si is primarily a heterogeneous process, which may occur either directly during single ion impacts, or through nonsimultaneous overlap of multiple cascade volumes. l4
The damage produced in GaAs by Si + implantation for different doses and at various dose rates was characterized by Raman scattering and ion channeling techniques. First-order Raman spectra reveal primarily the degree of amorphization, while ion channeling detects point defects and small-volume crystalline defects with greater sensitivity. Raman measurements showed that the amorphous fraction increases uniformly with ion dose until the implanted layer becomes completely amorphized at a dose of 3 X 10" cm -'. Raman scattering results also indicated an increase of amorphization with increasing current density at a fixed dose. However, ion channeling measurements detected a much greater relative increase of damage as a function of dose rate. Therefore, the main effect of increased dose rate on damage accumulation during roomtemperature implantation of GaAs with 100-keV Si ionsI is to promote the formation of small-volume, crystalline defects by the coalescence of mobile, primary defects.
